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ABSTRACT
We present an analysis of the evolution of circumstellar dust and molecules in the
environment of the very late thermal pulse object V4334 Sgr (Sakurai’s Object) over a
∼ 20-year period, drawing on ground-, airborne- and space-based infrared photometry
and spectroscopy. The dust emission, which started in 1997, resembles a blackbody
that cooled from ∼ 1, 200 K in 1998 August to ∼ 180 K in 2016 July. The dust mass,
assuming amorphous carbon, was ∼ 5 × 10−10 M⊙ in 1998 August, and we estimate
that the total dust mass was ∼ 2 × 10−5 M⊙ by ∼ 2016. The appearance of a near
infrared excess in 2008 suggests a new episode of (or renewed) mass loss began then.
We infer lower limits on the bolometric luminosity of the embedded star from that of
the dust shell, which rose to ∼ 16, 000 L⊙ before declining to ∼ 3, 000 L⊙. There is
evidence for weak 6–7µm absorption, which we attribute to hydrogenated amorphous
carbon formed in material ejected by Sakurai’s Object during a mass ejection phase
that preceded the 1997 event. We detect small hydrocarbon and other molecules in
the spectra, and trace the column densities in hydrogen cyanide (HCN) and acetylene
(C2H2). We use the former to determine the
12C/13C ratio to be 6.4 ± 0.7, 14 times
smaller than the Solar System value.
Key words: stars: AGB and post-AGB — stars: carbon — circumstellar matter —
stars: evolution — stars: individual, V4334 Sgr (Sakurai’s Object) — infrared: stars
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1 INTRODUCTION
It is well-known that the fate of a star when it evolves away
from the Main Sequence (MS) depends on its mass. The
“text-book” scenario (Iben & Renzini 1983) for the post-MS
evolution of low to intermediate mass stars is that, following
the helium core flash, burnout of He occurs in the core on the
horizontal branch. After evolution up the Asymptotic Giant
Branch (AGB), the star sheds its outer envelope, which is
illuminated as a planetary nebula (PN) by the still-hot stel-
lar core. In time the PN disperses and its nucleus becomes
a white dwarf (WD).
However, in as many as 10–20% of cases (Blo¨cker 2001;
Lawlor & MacDonald 2003) the star, even after it has taken
the left turn at the “knee” beyond the post-AGB phase
on the Hertzsprung-Russell (HR) diagram and is evolving
downwards towards the WD region, re-ignites a residual he-
lium shell in a Very Late Thermal Pulse (VLTP). It then
retraces a large part of its evolutionary track (Iben 1982;
Herwig 2001; Lawlor & MacDonald 2003) and becomes a
“Born-Again Giant” (BAG). A number of examples of the
VLTP phenomenon are now known, including Sakurai’s Ob-
ject (V4334 Sgr, hereafter “Sakurai”) and V605 Aql. FG Sge
has also been regarded as a BAG (Gehrz et al. 2005), al-
though it is also regarded as a Late Thermal Pulse (Jeffery
& Scho¨nberner 2006). All these stars are hydrogen-deficient,
carbon-rich, have extensive dust shells, and each lies at the
centre of an old PN.
The final evolution from pre-WD to the BAG phase is
predicted to take of the order of a few centuries, thus repre-
senting a very rapid (and hence seldom seen) phase of stellar
evolution. However the rate at which Sakurai has evolved
has radically changed our views about the post-MS evolu-
tion of low-to-intermediate mass (1–8M⊙) stars, prompting
a major rethinking of the underlying astrophysics (Herwig
2001, 2005; Lawlor & MacDonald 2003).
Here we present a series of infrared (IR) observations of
Sakurai, obtained with ground-based, airborne and space-
based observatories over the 20-year period since it became
dust embedded in late 1998. We include already-published
and unpublished data, and data acquired recently from the
NASA Stratospheric Observatory for Infrared Astronomy
(SOFIA; Young et al. 2012; Temi et al. 2014). An overview
of the early (1996–2001) IR evolution – including the
molecular and dust components – was given by Geballe et
al. (2002).
2 SAKURAI’S OBJECT (V4334 SGR): A BRIEF
HISTORY OF ITS EVOLUTION
V4334 Sgr was discovered by the amateur astronomer Yukio
Sakurai in 1996 (see Nakano, Sakurai & Kojima 1996). Orig-
inally reported as a nova, it was at first spectroscopically
similar to an F supergiant, possibly with a hot dust shell
(Du¨rbeck & Benetti 1996).
It is now known to be a low-mass (∼ 0.6M⊙) post-AGB
star that is retracing its post-AGB evolution along the HR
diagram following a VLTP (Herwig 2001). This interpreta-
tion was strengthened by the discovery that Sakurai lies at
the centre of a faint planetary nebula (PN) 40′′ in diameter
(e.g. Kerber et al. 1997; Eyres et al. 1998a; Pollacco 1999).
Pollacco measured the expansion velocity of the PN shell to
be 32±6 km s−1 which, for a distance of 3.8 kpc (see below),
gives a ballistic expansion age of ∼ 11, 300 years. This PN
age probably rules out a progenitor having mass <∼ 1.25M⊙,
as the progenitor would not have reached the WD cooling
track in the age of the Galaxy. Furthermore, the location
of the central star of the PN on the HR diagram in 1995 is
incompatible with its being a pre-WD (see Herwig 2001).
In mid-1996, the spectrum of Sakurai rapidly evolved
to that of a C-rich, H-poor star, with elemental abundances
akin to those found in the R Coronae Borealis (RCB) stars
(Asplund et al. 1999). Subsequently, around 1997 April,
Sakurai started to produce a carbon dust shell that obscured
the central star (see Figure 1 of Du¨rbeck 2002, for a visual
light curve to mid-1999). As the visual light faded, photo-
spheric CO was detectable in the IR until late 1998 but
thereafter, even the IR spectrum was completely devoid of
photospheric features.
By 1999 April the photosphere had completely dis-
appeared from view, even at IR wavelengths, and as of
early 2020, remains obscured. A large mass-loss rate (∼
10−5 M⊙ yr
−1 over the period 1999 May – 2001 Septem-
ber) is implied by 1–5µm spectroscopy (Tyne et al. 2002).
Evans et al. (2002b, 2004) detected the dust around Sakurai
at 450µm and 850µm in 2001 August, and found that the
flux density at these wavelengths was still rising in 2003, in-
dicating that the mass-loss was being maintained; the spec-
tral energy distribution (SED) resembled a black-body at
360 K.
High spatial resolution observations using MIDI/VLTI
(Chesneau et al. 2009) resolved Sakurai’s dust disc, which
has an asymmetry that is aligned with the PN reported by
Pollacco (1999); the inclination of the dust disc relative to
the plane of the sky is ∼ 75◦. The mass of dust in the disc
was determined to be ∼ 6× 10−5 M⊙, although this value is
somewhat model-dependent.
The optical spectrum has shown significant changes
since ∼ 2008 (e.g van Hoof et al. 2015; Van de Steene et
al. 2016), when the strength of many emission lines started
to increase, most notably [O ii] λ7320/7330A˚. In addition
Van de Steene et al. identify the emergence of electronic
transitions of CN at this time, with a likely origin in the
dust disc.
On the basis of stellar evolutionary models, Lawlor &
MacDonald (2003) suggested that the rapid evolution (on
a timescale ∼ 10 yr) of Sakurai and V605 Aql – compared
with the longer timescale associated with the evolution of
FG Sge – might indicate that the latter is making its second
visit to the AGB, whereas Sakurai and V605 Aql are visit-
ing for the first time. They predicted that the stellar compo-
nent of Sakurai would rapidly increase in effective temper-
ature, and will eventually resemble V605 Aql, whereas the
latter will return to the AGB over the next several decades.
That Sakurai and V605 Aql are evolving along similar evolu-
tionary tracks, with V605 Aql somewhat more advanced by
virtue of its having undergone a thermal pulse in 1919, was
also concluded by Clayton et al. (2006, 2013). Indeed Clay-
ton et al. suggested that the behaviour of V605 Aql could
serve as a template for the future behaviour of Sakurai.
Blo¨cker (2001) argued that the stellar evolution path-
way taken by Sakurai is a fate that awaits 20% of low-
mass stars; thus we are looking at a possible fate of the
c© 2019 RAS, MNRAS 000, 1–17
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Sun. Herwig et al. (2011) and others have studied details
of the VLTP, and find that mixing of protons into the He-
burning shell can trigger i-process nucleosynthesis, produc-
ing the anomalous abundances of species such as Sr, Y, and
Zr seen in Sakurai (Asplund et al. 1997). Furthermore, un-
derstanding objects that have undergone VLTPs has a much
wider significance: there is evidence that carbon stars pro-
duce dust in low metallicity environments, with implications
for dust production in (for example) globular clusters and
dwarf galaxies (Sloan et al. 2009; Boyer et al. 2015a,b, 2017;
Goldman et al. 2019).
3 DUST & MOLECULES
3.1 The dust
3.1.1 The start of the dust phase
By late-1998, the central star of Sakurai was completely ob-
scured by an optically thick dust shell. Evans et al. (2006)
reviewed the expansion of the dust shell by estimating
its “blackbody angular diameter” (see Appendix A). They
found that the expansion was linear in time, with an ex-
trapolated start on 1997 November 10 (MJD1 50762); the
expansion rate was 0.059 mas d−1. Hinkle et al. (2008) de-
termined a similar expansion rate (0.055 ± 0.008 mas d−1)
over a somewhat longer time-base, also with a start in 1997
November. In either case the extrapolation to zero diameter
coincided with the start of dust production sometime be-
tween 1997 Nov 7 (MJD 50759) and 1998 February 5 (MJD
50849; Du¨rbeck 2002). However, as noted in Section 2, the
IR spectrum shows that dust had actually begun making
a contribution to the IR emission as early as 1997 April
(Geballe et al. 2002; Pavlenko et al. 2002).
Since 1998, the 1-5µm continuum spectral energy dis-
tribution (SED) has crudely resembled a featureless black-
body, commensurate with that emitted by an optically thick
carbon dust shell. We will confine our analysis of the dust
shell to the period after 1997 November.
3.1.2 The nature of the dust
Analysis of the post-1998 IR observations shows that the
dust is carbon-based, primarily in amorphous form (Eyres
et al. 1998b; Tyne et al. 2002; Evans et al. 2006). The 1-
5µm spectra during the period 1999–2001 were consistent
with mass-loss rate (in the form of dust only) that increased
steadily from ∼ 5× 10−8 M⊙ yr
−1 to ∼ 1.8× 10−7 M⊙ yr
−1
(see Tyne et al. 2002, for details), where we have scaled as
per the dusty code (Ivezic´ & Elitzur 1995) for the distance
D and the density of the grain material (see Section 6.3 for
the value assumed here). A crude integration of the mass-loss
rate (in dust only) over the period 1999–2001 from Tyne et
al. (2002) yields the accumulated mass of dustMdust ejected
to the end of 2001 to be ≃ 1.0× 10−5 M⊙.
The dust mass over the period 2001 August to 2003
June was determined by Evans et al. (2004) using 850µm
1 Throughout we use Modiﬁed Julian Date (MJD) to identify the
time of the observations. MJD is related to Julian Date (JD) by
MJD = JD− 2400000.5
 0.2
 0.4
 0.2
 0.4
 0.6
 0.8
 1
0 1 2 3 4 5 6 7 8 9 10
(10.25, 5)
(10.5, 5)
(10.75, 5)
E
(B
-V
) 
(m
a
g
)
A
 (
K
s
) 
(m
a
g
)
K
E
D (kpc)
Figure 1. Dependence of reddening E(B−V ) (from Green et al.
2018, red curve, bottom panel), and of Ks band extinction (from
Marshall et al. 2006, top panel), on distance. The Ks band ex-
tinction is for three lines of sight close to Sakurai (l = 10.48◦,
b = +04.41◦); the numbers in brackets give (l, b). Horizontal
double-headed arrow gives range of possible distance from Eyres
et al. (1998a). Lines labelled “K” and “E” give reddening from
Kimeswenger (2002) (the weighted mean of several values), and
Evans et al. (2002a) (based on strength of the interstellar silicate
absorption feature). Error bar at distance ≃ 2.6 kpc gives redden-
ing as detemined here. Broken vertical lines depict the adopted
distance (3.8 kpc) and associated uncertainties. See Section 4 for
details.
photometry. These authors found that the dust mass in-
creased from 2×10−6 M⊙ to 1.4×10
−5 M⊙ over this period
(again these values are scaled to the distance assumed here).
The maximum grain radius (in a grain size (a) distri-
bution n(a) da ∝ a−q da, with q ≃ 3) increased by a factor
∼ 3 over the period 1999 May to 2001 September (Tyne et
al. 2002).
3.2 The molecules
IR observations (Eyres et al. 1998b) revealed the presence
of C2, CN and CO through their electronic (C2; Ballik &
Ramsay 1963) and vibrational transitions, including over-
tone absorption spectra of 12CO and 13CO. The presence of
the Ballik-Ramsay bands mirrored the appearance of the C2
Swan bands (Swan 1857) in the optical (Asplund et al. 1997).
The C2 bands suggested a
12C/13C ratio in the range 1.5–5.
High resolution (R ≃ 30, 000) spectroscopy (Pavlenko et al.
2004) resolved the first overtone 12CO and 13CO bands, to
which Pavlenko et al. fitted a synthetic hydrogen-deficient
model atmosphere to determine a 12C/13C ratio of 4 ± 1.
Both values are substantially less than the Solar System
value (12C/13C = 89; Lodders, Palme & Gail 2009). Worters
et al. (2009) used the IR CO fundamental bands – seen in
absorption against the dust emission – to derive a ratio sim-
ilar to that of Pavlenko et al. (2004). Evans et al. (2006),
using mid-IR HCN lines, also found that the 12C/13C ratio
is ∼ 4.
c© 2019 RAS, MNRAS 000, 1–17
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Table 1. Evolution of Sakurai’s dust as seen from UKIRT, 2MASS, WISE, Spitzer Space Telescope and SOFIA. Column headed “Refs” lists papers containing IR data on Sakurai
already published. Observations in the Ks band are listed separately (Table 2). See text for details.
Facility Date Ref∗ MJD Wavelength coverage R∗∗ Tdust [λfλ]max L
†
dust
M†
dust
YYYY-MM-DD (µm) (K) (10−12 W m−2) ( L⊙) (M⊙)
UKIRT 1998-08-18 1 51043 1.2–2.3 1, 210± 3 1.29± 0.01 791± 177 5.10[±1.14]× 10−10
′′ 1999-04-21 2 51289 1.0–2.5 690–950 840.6± 0.6 8.16± 0.05 5, 004± 1, 118 1.82[±0.41]× 10−8
2MASS 1999-04-29 51297 JHK‡s ∼ 6 950± 37 6.57± 2.48 4, 029± 1, 767 8.21[±3.91]× 10
−9
UKIRT 1999-05-03 3 51301 1–5 1,300–4,800 723.5± 0.5 14.17± 0.12 8, 689± 1, 942 6.46[±1.44]× 10−8
′′ 1999-06-08 3 51337 1–5 200–2,000 717.1± 1.8 14.81± 0.23 9, 081± 2, 033 7.04[±1.58]× 10−8
′′ 1999-06-14 3 51343 1–5 200–2,000 717.2± 1.1 14.89± 0.04 9, 130± 2, 039 7.08[±1.58]× 10−8
′′ 1999-09-06 3 51427 1–5 200–2,000 660.9± 0.7 15.66± 0.11 9, 602± 2, 145 1.10[±0.25]× 10−7
′′ 2002-04-14 3 52378 1.4–5 200–2,000 432.4± 0.3 26.57± 0.13 16, 292± 3, 639 1.40[±0.31]× 10−6
′′ 2003-09-08 3 52890 1–5 200–2,000 359.6± 0.2 12.40± 0.05 7, 604± 1, 698 1.57[±0.35]× 10−6
Spitzer 2005-04-15 4 53475.3 5.2–36 60–600 283.5± 0.2 13.17± 0.05 8, 076± 1, 804 5.16[±1.15]× 10−6
′′ 2007-05-04 54224.9 5.2–33 ′′ 225.5± 0.1 9.58± 0.03 5, 874± 1, 312 1.11[±0.25]× 10−5
′′ 2007-10-15 54388 5.2–33 ′′ 217.0± 0.3 9.05± 0.05 5, 549± 1, 240 1.26[±0.28]× 10−5
′′ 2008-04-08 54564 5.2–33.2 ′′ 205.8± 0.2 8.49± 0.03 5, 206± 1, 163 1.53[±0.34]× 10−5
′′ 2008-10-18 54757.1 5.2–35 ′′ 207.3± 0.2 8.52± 0.03 5, 224± 1, 167 1.48[±0.33]× 10−5
WISE 2010-03-19 55274.4 W1,W2,W3,W4§,§§ 1–3 — — — —
SOFIA 2014-03-25 56741.5 8.6–36.6 110–160 181.7± 0.6 5.47± 0.07 3, 354± 750 1.78[±0.40]× 10−5
′′ 2016-07-11 57580.3 5.0–31 110–180 176.9± 0.5 4.95± 0.06 3, 035± 679 1.83[±0.41]× 10−5
∗1: Geballe et al. (2002); 2: Tyne et al. (2000); 3: Tyne et al. (2002); 4: Evans et al. (2006).
∗∗Spectral resolution R = λ/∆λ.
†For D = 3.8 kpc.
‡2MASS pass bands.
§WISE pass bands.
§§Data saturated in W3 and W4; see text.
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Tafoya et al. (2017) detected the J = 4 → 3 transitions of
H12CN and H13CN, and the J = 1→ 0 transition of H12CN, and
found that the expansion velocities were in excess of 100 km s−1.
They too found that the 12C/13C ratio is extremely low. The
consistently low 12C/13C ratio in Sakurai – determined from op-
tical, IR and sub-mm observations – is in line with that expected
(∼ 3.5; Asplund et al. 1999) from second stage equilibrium CNO
burning following He-burning during the VLTP, and therefore
with Sakurai being an object that has undergone a VLTP.
4 REDDENING AND DISTANCE
While the assumed interstellar reddening to Sakurai will have
minimal bearing on most of the data we discuss here, there will
be a discernible eﬀect at the shortest (∼JHK) wavelengths.
4.1 Distance
A search of the GAIA DR2 archive (Gaia Collaboration 2018)
reveals no parallax values for Sakurai. Various distance determi-
nations from the literature are summarised by Hinkle & Joyce
(2014), in which nearly all estimates lie within the range pro-
posed by Eyres et al. (1998a), namely 1.9–5.3 kpc. As pointed
out by van Hoof et al. (2007), the line-of-sight to Sakurai reaches
the scale height of the old disc at D = 4 kpc, making this an
upper limit (albeit a weak one) on the distance.
We adopt here the “statistical” distance deduced by Eyres et
al. (1998a), namely 3.8± 0.6 kpc. We note that the expansion of
the black body angular diameter of the dust (see Section 3.1.1),
combined with this distance, leads to an expansion velocity for
the dust-forming material of ∼ 375 km s−1; this is comparable
with that suggested by the blue wing of the He i 1.0833µm line
in 1997 July (Geballe et al. 2002).
4.2 Reddening
Methods of determining the interstellar reddening, E(B − V ),
to Sakurai have relied mainly on measuring the Balmer decre-
ment. An early determination using this method was made by
Du¨rbeck & Benetti (1996), who found E(B − V ) = 0.54 mag.
However more recent considerations have deduced larger redden-
ing. Kimeswenger (2002) gives a weighted mean, based on sev-
eral independent determinations up to 2002, of 0.75 ± 0.05 mag.
Evans et al. (2002a) reported a detection of the 9.7µm silicate
feature in absorption in Sakurai. They argued that the feature
actually arises in the interstellar medium, and therefore pro-
vides a direct measure of the reddening by interstellar mate-
rial, E(B − V ) = 0.66 ± 0.12 mag. van Hoof et al. (2007) found
E(B−V ) = 0.86 mag from the Balmer decrement, assuming that
“Case B” applies.
Marshall et al. (2006) have used the Two Micron All Sky
Survey (2MASS; Skrutskie et al. 2006) catalogue to map out the
Galactic extinction in the Ks (2.159µm) band; in the direction
of Sakurai their data indicate AKs ≃ 0.20 to 0.24 mag for the
range of distances suggested by Eyres et al. (1998a), as depicted in
Fig. 1. A weighted mean of the AKs values in Marshall et al., over
the Eyres et al. distance range, gives AKs ≃ 0.22±0.03 mag. This
value of extinction is consistent with the extinction analysis by
Gonzalez et al. (2012), who found E(J −K) = 0.312± 0.115 mag
and AK = 0.216 mag towards Sakurai. The AKs value of 0.22±
0.03 mag corresponds to E(B − V ) = 0.61 ± 0.07 mag, close to
the value derived by Evans et al. (2002a).
These considerations suggest that determinations of the
reddening using the Balmer decrement and Case B may over-
estimate E(B − V ). On the other hand determining the red-
dening using only the agents of interstellar extinction points
to a consistent E(B − V ) = 0.61 ± 0.07 mag (AKs extinc-
tion) and E(B − V ) = 0.66 ± 0.12 mag (9.7µm feature). For
the purposes of this paper we use a weighted mean of the red-
dening as deduced from the interstellar extinction only, namely
E(B − V ) = 0.62± 0.06 mag.
5 THE DATA
We have compiled a series of IR observations – both photomet-
ric and spectroscopic – that show the dust emission by Sakurai,
covering the period 1996 April to 2016 July, providing a 20 year
retrospective of IR observations of the dust evolution of a VLTP.
We brieﬂy describe the observations here. An observing log is
given in Table 1 and a sample of the spectroscopic data, together
with blackbody ﬁts (discussed in Section 6 below), is shown in
Fig. 2.
5.1 UKIRT
Sakurai was observed with the United Kingdom Infrared Tele-
scope (UKIRT) from 1996 to 2000. Full details of the spectrome-
ters used, data acquisition and reduction, together with the data
themselves, are given in Eyres et al. (1998b), Pavlenko et al.
(2004), Tyne et al. (2002) and references therein.
5.2 Ks band photometry
Archival data on Sakurai have been retrieved from the European
Southern Observatory’s VISTA Variables in the Vı´a La´ctea sur-
vey (Saito et al. 2012) and are listed in Table 2, which also in-
cludes data from Hinkle & Joyce (2015; see that paper for in-
strumental details) and Hinkle et al. (2017). The observations on
MJD 55457.25/55458.21 were combined into a single image, which
shows both a bright point source and ejecta. Aperture photometry
was obtained on both images and the the ﬂuxes were combined
to get the measured magnitude. The data are plotted in Fig. 3.
5.3 2MASS
Sakurai is included in the 2MASS survey, with ﬂuxes of 38.08 ±
0.66 mJy, 341.27 ± 9.24 mJy and 1884 ± 19 mJy in the J
(1.235µm), H (1.662µm) and Ks (2.159µm) bands respectively.
The data are for the epoch 1999 April 29 (MJD 51297) and are
shown in Fig. 4.
5.4 WISE
Sakurai was observed in eleven scans during the Wide-ﬁeld In-
frared Survey Explorer (WISE; Wright et al. 2010) survey dur-
ing a ∼ 1 day interval centered around MJD 55274.4. The mean
survey magnitudes were 10.77 ± 0.09 mag, 7.79 ± 0.02 mag,
0.17 ± 0.15 mag and −2.03 ± 0.01 mag in WISE Bands W1
(3.3µm), W2 (4.6µm), W3 (12µm) and W4 (22µm) respec-
tively; the corresponding ﬂux values were 15.13±1.19 mJy (W1),
131.14±2.54 mJy (W2), 24.84±3.52 Jy (W3) and 53.63±0.05 Jy
(W4).
However the WISE survey data suﬀer from saturation at
magnitudes brighter than 8.1 (W1), 6.7 (W2), 3.8 (W3) and −0.4
(W4); the survey magnitudes for Sakurai indicate that the WISE
photometry in bands W3 and W4 are aﬀected by saturation, with
30% and 20% of pixels, respectively, aﬀected. Although data in
the W1 and W2 bands are less aﬀected by saturation, we do not
use data from the WISE cryogenic survey here; they are included
in Table 1 for completeness.
c© 2019 RAS, MNRAS 000, 1–17
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Figure 2. Selected snapshots of the evolution of the SED of Sakurai’s dust shell, obtained on the dates indicated and with the facilities
shown, from 1999 to 2014. Note the poor atmospheric transmission in the UKIRT data at wavelengths ∼ 1.4µm and ∼ 1.8µm. A warm
dust contribution, not shown, is present in the near-IR in 2014-03-25 (see Section 6.5). Curves are labelled with the dates of observation;
see Table 1 for further details. Wavelengths of the He i 1.083µm line, and the hydrocarbon lines, are indicated.
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Figure 3. Ks-band (blue), NeoWISE bands W1 (black) and W2
(red) light curves of Sakurai. Times of the SOFIA observations
discussed in Section 5.6 are indicated; see Section 6.5 for discus-
sion of data highlighted by the dotted vertical line.
Although the WISE survey was completed in 2010 Septem-
ber with the exhaustion of the cryogen, the mission was extended
using bands W1 and W2 only to produce the NeoWISE survey
(Mainzer et al. 2014). Sakurai was ∼ 1 mag brighter in both
bands W1 and W2 during the NeoWISE survey (9.18±.0.02 mag,
6.8±0.01 mag respectively) than it was ∼ 6 yr earlier, during the
mainWISE survey (W1 and W2 magnitudes 10.77±0.09 mag and
7.79 ± 0.02 mag respectively). The NeoWISE data do not suﬀer
from saturation, and we note from Cutri et al. (2012) that no cor-
rection to the photometry is needed in these data. The averaged
daily NeoWISE scans are shown in Fig. 3.
5.5 Spitzer Space Telescope
Sakurai was observed on several occasions (Program IDs 3362,
30077, 40061; PI A.Evans) in the period 2005–2008 with
the Infrared Spectrometer (IRS; Houck et al. 2004) on the
Spitzer Space Telescope (Werner et al. 2004; Gehrz et al. 2007).
Table 2. Ks-band observations of Sakurai. See references below
for full details.
MJD Ks (mag) Ref Comment
54984.79 > 18.4 2 3σ limit
55298.27 17.45± 0.28 1
55457.25 Average of
55458.21 16.38± 0.15 2 two nights
55726.31 15.89± 0.09 1
55777.19 15.63± 0.06 1
55791.09 15.68± 0.06 1
55807.08 15.70± 0.07 1
55823.06 15.52± 0.05 1
55831.01 15.56± 0.06 1
56408.53 13.98± 0.04 2
56555.10 14.03± 0.02 2
56729.52 13.98± 0.04 2
56816.33 13.80± 0.01 2
57584.91 13.35± 0.02 3
57975.07 13.20± 0.02 1
1. Data from VISTA InfraRed CAMera on the 4 m Visible
and Infrared Survey Telescope for Astronomy (VISTA).
See Saito et al. (2012).
2. Data obtained with the High-Resolution Infrared Camera
on the Kitt Peak National Observatory (KPNO) 3.5m telescope,
the Extremely Wide-Field Infrared Imager on the KPNO 4-m
telescope and with the Near InfraRed Imager and spectrograph
(NIRI) on Gemini North telescope. See Hinkle & Joyce (2015).
3. Data obtained with NIRI. See Hinkle, Joyce & Matheson (2017).
Spectra were obtained in both low- and high-resolution modes,
covering the spectral range of 5-38µm. In order to treat the data
in a coherent and systematic way we have used the data pro-
vided by the Combined Atlas of Sources with Spitzer IRS spectra
(CASSIS; Lebouteiller et al. 2011, 2015).
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Figure 4. SED of Sakurai from 2MASS survey photometry; red
curve is blackbody ﬁt.
5.6 Stratospheric Observatory for Infrared Astronomy
Spectra of Sakurai were obtained with SOFIA using the Faint
Object infraRed CAmera for the SOFIA Telescope (FORCAST;
Herter et al. 2012, 2013). The observations were carried out on two
ﬂights, on 2014 March 25 (ﬂight F155, Palmdale, California, Cy-
cle 2 programme 02 0024, PI A.Evans) and on 2016 July 11 (ﬂight
F318, Christchurch, New Zealand, Cycle 4 programme 04 0003,
PI A. Evans). Sakurai was observed with the grisms, slits and
on-target integration times listed in Table 3. Observations were
generally carried out with the 4.7′′ slit; one observation on ﬂight
F318 used the 2.4′′ slit with the G063 grism. All observations
used the default two-position chopping with nodding mode.
The FORCAST scientiﬁc data products were retrieved from
the SOFIA archive, after standard pipeline processing and ﬂux
calibration was performed (for details see Clarke et al. (2014)).
An extensive discussion of the FORCAST data pipeline can be
found in the Guest Investigator Handbook for FORCAST Data
Products, Rev. B2.
We note here that the slit widths in both the
Spitzer Space Telescope and SOFIA spectroscopic observations
are such that any contribution from the 40′′ PN (see Section 2)
is negligible.
6 DUST EMISSION
6.1 The spectral energy distribution
It is almost certain that the dust shell around Sakurai contains
dust grains that have a range of temperatures. Even so the ob-
served SED of the dust resembles emission by a blackbody, par-
ticularly after 1998. We have therefore ﬁtted
fλ =
F
λ5
1
exp[B/λ]− 1
(1)
to the photometric and spectral data, where Tdust is the observed
dust temperature, B (= hc/kTdust) and F are constants to be
determined. Obvious “glitches” in the data, possible and actual
spectral features (such as HCN; Evans et al. 2006, and see below),
as well as spectral regions where the quality of the data is clearly
poor, were removed before ﬁtting.
A sample of the ﬁts for the de-reddened UKIRT,
Spitzer Space Telescope and SOFIA data is shown in Fig. 2.
2 https://www.soﬁa.usra.edu/Science/DataProducts/FORCAST
GI Handbook RevA1.pdf
Clearly in some cases the ﬁt is poor at wavelengths <∼ 2µm, re-
ﬂecting the fact that the emission in these cases is not well de-
scribed by a simple blackbody. Indeed there is clear evidence in
the earliest spectra for the presence of a photospheric contribution
that diminishes with time.
The observed emitted power f and dust luminosity Ldust
were determined from (see Appendix A)
[λfλ]max = F
(
α
B
)4 1
eα − 1
f = 1.359 [λfλ]max
Ldust = 4piD
2f ,
where α ≃ 3.92. We use the ﬁtted parameters B and Tdust to de-
termine [λfλ]max as in most cases the wavelength at which [λfλ] is
a maximum falls outside the data wavelength range, or in a gap in
the data. In doing so we risk missing some emission; however the
SED of Sakurai, using near-contemporaneous UKIRT and JCMT
data from late 2003 (Evans et al. 2004), suggests that the 1–5µm
and 450/850µm emission lie on the same blackbody curve. Thus
we are conﬁdent that we are not excluding any emission, for ex-
ample by cold dust. The deduced values of Tdust, [λfλ]max and
Ldust are given in Table 1.
We note that the uncertainties in Tdust in Table 1 are the
formal uncertainties resulting from ﬁtting Equation (1) to the
data, and are not therefore “physically” meaningful. As already
noted the dust shell will include a range of temperatures that
far exceed the limits implied by the errors listed. However we
use these errors to estimate the uncertainties in the dust mass.
Likewise the uncertainties in Ldust include the uncertainties in
both [λfλ]max and in D. It is interesting to note that Evans et al.
(2004) ﬁtted a 360 K blackbody to the UKIRT/JCMT data by
eye; the formal ﬁt to the UKIRT data (Table 1) gives 359.6±0.2 K.
Although there are only three photometric points in the
2MASS data, they all lie on the Wien tail of a blackbody and
a ﬁt to the data gives Tdust = 950 ± 37 K, and [λfλ]max =
6.6[±2.5] × 10−12 W m−2. The 2MASS spectral energy distri-
butions (SED) is shown in Fig. 4, and the dependence of Tdust,
[λfλ]max and Ldust on time is shown in Fig. 5.
6.2 The dust temperature
There is a monotonic decline in Tdust, from ∼ 1, 200 K to ∼
180 K over the period 1998 August to 2016 July. We note that
the observed dust temperature has been well below the formation
temperature for amorphous carbon (∼ 1, 000 K; see Gehrz et al.
2018, and references therein) since 1999.
For the simple case of dust moving away at constant speed
from a source of bolometric luminosity L∗(t), we would expect the
dust temperature to vary as Tdust ∝ (L∗(t)/t
2)1/(β+4), where β
is the “β-index” for the dust material (see below; and see Bode
& Evans 1989; Evans 1993, for derivations). We therefore explore
the possibility that the dust temperature declines with power-law
dependence on time according to
Tdust =
C
(MJD−MJD0)γ
, (2)
where C, MJD0 (the epoch at which the mass-loss leading to dust
condensation started) and γ are constants to be determined; note
that this expression implicitly assumes constant L∗.
We have already noted that the drop in the optical brightness
began as early as late 1997. Fitting Equation (2) to the data gives
C = 3.38[±6.95]× 106
γ = 1.14± 0.23
MJD0 = 49736± 491
for Tdust in K (from Table 1) and MJD, MJD0 in days. The
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Table 3. Log of SOFIA FORCAST observations.
Flight Date Filter Slit Wavelength Nominal Exposure
YYYY-MM-DD (′′) coverage (µm) resolution R time (s)
F155 2014-03-25 G111 4.7 8.4–13.7 130 1,500
G227 4.7 17.6–27.7 110 100
G329 4.7 28.7–37.1 160 100
F318 2016-07-11 G063 2.4 4.9–8.0 180 1,500
G111 4.7 8.4–13.7 130 1,500
G227 4.7 17.6–27.7 110 50
G329 4.7 28.7–37.1 160 500
parameters MJD0 and γ are reasonably well constrained, while
C is not; this may be a reﬂection of the fact that L∗ is indeed
time-dependent. We revisit MJD0 below.
6.3 The dust mass
Tyne et al. (2002) ﬁtted dusty (Ivezic´ & Elitzur 1995) models
to UKIRT data covering the period 1999 May 4 – 2001 Sep 8.
Assuming a gas-to-dust ratio of 200, they deduced a mass-loss
rate that increased from ∼ 5× 10−6M⊙ yr−1 at the earlier time
to ∼ 12 × 10−6M⊙ yr−1 at the later time. However the gas-
to-dust ratio in Sakurai’s environment is almost certainly very
diﬀerent from that assumed by Tyne et al..
If we make the working assumption that the dust disc en-
veloping Sakurai is optically thin at longer (>∼ 5µm) wavelengths
and at later times, then we can employ the method used by Gehrz
et al. (2015) and Evans et al. (2017) to estimate the dust mass,
which is given by (see those papers for details)
Mdust
M⊙
= 4.81× 1016
[
[λ fλ]max
W m−2
] [
D
kpc
]2
×
[
ρ
kg m−3
]
1
AT (β+4)
. (3)
Here ρ is the density of the grain material (1,500 kg m−3 for
amorphous carbon, which we assume here; Jones et al. 2017), and
the constants A and β are deﬁned such that the Planck mean
absorption eﬃciency is given by 〈Qabs〉 = AaT
β , with a being
grain radius. For amorphous carbon, A = 58.16 when a is in cm,
and β = 0.754 (Evans et al. 2017). Obviously the calculated dust
masses can be scaled appropriately if a diﬀerent density is used
for amorphous carbon. For a distance of 3.8 kpc, the dust mass
is
Mdust
M⊙
= 1.79× 105
[
[λ fλ]max
10−12 W m−2
]
T−(β+4) .
We use the data in Table 1 to ﬁnd the dust masses in the ﬁnal
column. The uncertainties in [λ fλ]max, T and D are propagated
into the uncertainties in Mdust; however, there are likely to be
substantial uncertainties in both A and ρ, which will make a (pos-
sibly) large (and unquantiﬁable) contribution to the uncertainties
in Table 1.
The dependence of Mdust with time is shown in Fig. 5. We
see a clear and sustained increase in the dust mass from the time
of formation in late 1997, until it levels oﬀ after MJD ∼ 55000
(mid-June 2009). In Fig. 5 we include the dust mass determined
by Evans et al. (2004) (see Section 3.1.2); although determined
using rather diﬀerent methods, the dust masses deduced here and
in Evans et al. are reasonably consistent.
Unlike the case for the dust temperature, there is no
physically-based expression for the time-dependence of dust mass.
For our present purpose, we ﬁt a function of the form3
Mdust
10−10M⊙
= exp
{
K ln 10×
(
1− exp
[
−
(MJD−MJD0)
τ0
])}
(4)
to the variation ofMdust with MJD time, where K, τ0 and MJD0
(as before, the time of onset of mass loss) are constants to be
determined4. We ﬁnd that (withMdust in M⊙ and MJD in days)
K = 5.30± 0.16
τ0 = 1167± 179 days
MJD0 = 50846± 76
give a passable ﬁt to Mdust − t (see Fig. 5). These values will
depend somewhat on the form of the function assumed, but we
might reasonably expect that the value of MJD0 deduced here
is consistent with that deduced from the time-dependence of the
dust temperature (49736 ± 491; see above); this they do, within
the uncertainties. A weighted mean gives
MJD0 = 50820± 75 .
The mean value of MJD0 corresponds to 1998 January 7, but the
uncertainty allows the onset of the mass ejection that led to dust
formation to have occurred between MJD 50745 (1997 November
24) and MJD 50895 (1998 March 23). This is close to the time at
which the expansion of the dust shell started, on MJD0 = 50762
(Evans et al. 2006; Hinkle et al. 2008).
As noted above, the values of K, τ0 and MJD0 must depend
on the form of the function assumed for the ﬁtting. Nevertheless,
from Equation (4) we might expect that the dust mass approaches
10(K−10)M⊙ as MJD→∞, i.e.Mdust(t→∞) ≃ 2.0×10
−5M⊙.
We also note that the dust mass on 2007 May 4 ((MJD 54224.9,
close to the time of the VLTI observation of Chesneau et al. 2009,
MJD 54280) was ∼ 1.1× 10−5M⊙, somewhat less than the value
given by Chesneau et al..
In principle, the time-derivative of Mdust in Eq. (4) might
give the mass-loss rate, in the form of dust, and scaling for an ap-
propriate gas-to-dust ratio would give the overall mass-loss rate.
However given that (a) the formula assumed is for mathematical
convenience and has no physical basis (see footnote 3), (b) the
gas-to-dust ratio will likely change with time, and (c) the de-
duced mass-loss in the form of dust alone might be due to grain
growth rather than grain formation, this approach would not lead
to a credible result. Indeed, it is clear that the steep rise in the
3 The reason for this choice of function is that it results in a
manageable time-dependence of the form:
log10[Mdust] ∝(1− exp[−t/τ0]).
4 Eq. (4) leads to the somewhat spurious result that the dust
mass = 10−10M⊙ at MJD0. This of course is a consequence of
our choice of function, as described in Footnote 3. This has no
eﬀect on our conclusions.
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Figure 5. Evolution of Sakurai’s dust shell. (a) blackbody temperature of the dust; (b) [λfλ]max; (c) dust mass; red points are from
Evans et al. (2004), scaled to D = 3.8 kpc; (d) the bolometric luminosity of the dust. Red curves are ﬁts as described in text. Broken
vertical black lines in (a) and (c) are epochs of dust formation as determined separately for dust temperature and dust mass; broken
vertical lines in (b) and (d) are the weighted mean of epoch of dust formation as discussed in text. Broken vertical red lines are epoch
of zero dust shell angular diameter, as determined by Evans et al. (2006).
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value of Mdust at the start of the dust phase results in a fero-
cious mass-loss rate, in dust alone. This leads us to suspect that
the dust masses deduced – at least at the earlier times – do not
accurately reﬂect the dust mass in Sakurai’s environment. This
is most likely because the dust emission is not as simple as we
have supposed here, and is unlikely to be optically thin at the
shortest wavelengths (<∼ 5µm), particularly after mid-1998 when
the visual light curve had entered the very deep minimum. Tyne
et al. (2002) concluded that the visual optical depth at these
times is ∼ 9, leading to an optical depth ∼ 2 at 2.2µm for any
plausible extinction law. It is possible that the dust mass is un-
derestimated at the early times, when the UKIRT observations
were carried out.
We also note that determining the mass of circumstellar ma-
terial, or the mass-loss rate, from the dust parameters by assum-
ing a speciﬁc gas-to-dust ratio (see e.g. Tyne et al. 2002) will
almost certainly lead to erroneous values because the gas-to-dust
ratio is (a) unknown and (b) almost certainly variable.
6.4 The emitted power
The power emitted by the dust (see Fig. 5) seems to rise sharply
after dust condensation began, reaching a maximum around MJD
51350, and then declining (see Fig. 5). There appears to be a
sharp peak in Ldust at around MJD 52378. However, as noted
above (Section 6.3), it is very likely that the dust is optically
thick at the shorter IR wavelengths at the earliest times so that
the Ldust at these times is underestimated. This accentuates the
sharpness of the peak in luminosity.
Although the dust shell is optically thick at visible wave-
lengths – so that the dust shell could act as a “calorimeter” that
monitors the luminosity of the (invisible) central star – we should
be cautious of concluding anything about the behaviour of the
central star from these data. This is because interferometric ob-
servations (Chesneau et al. 2009) show that the dust is distributed
in a torus rather than completely enveloping the star, so that an
unknown (and almost certainly variable) fraction of the star’s ra-
diation “leaks out” of the dust shell, along the axis of the torus
and therefore away from our line of sight. The luminosity values in
Table 1 – in which the errors include the uncertainties in [λfλ]max
and D – are therefore lower limits on the stellar luminosity, L∗:
Ldust = φL∗, where φ 6 1.
However, if we suppose that the same fraction of the star’s
light leaks out over the period 2005–2016, then the relative
changes in the Ldust values in Table 1 might reﬂect the rela-
tive changes in the actual stellar luminosity. The Ldust values in
the table decline from ∼ 16, 000L⊙ to ∼ 3, 000L⊙ over an 11.25-
year period. Hajduk et al. (2005) have presented an evolutionary
track for Sakurai. This suggests that the bolometric luminosity is
expected to decrease from log[L∗/L⊙] ∼ 4.2 to log[L∗/L⊙] ∼ 4.1
over a similar period, compared with a decline in Ldust from
log[Ldust/L⊙] = 4.21 to log[Ldust/L⊙] = 3.48: the observed
decline is by a factor ∼ 5.4, compared to the predicted decline
of ∼ 1.25. However for reasons outlined above, our deduced dust
luminosities are almost certainly lower limits so comparison with
stellar evolution models should not be taken too far.
6.5 A fresh ejection event after 2008 October
Apart from a contribution from the stellar photosphere at the
earliest times (see Fig. 2), the SED of the dust shell is generally
well represented by a simple blackbody from 1999 to 2007. In
the latest (SOFIA FORCAST) data, however, while the data for
λ>∼ 10µm are well described by a single blackbody, there appears
to be an excess at the shorter (<∼ 10µm) wavelengths (see Fig. 6;
note that it is the properties of the cooler dust that are tabulated
in Table 1 and illustrated in Fig. 5). Furthermore, both sets of
SOFIA data were obtained within days of the Ks and NeoWISE
data, and latter datasets conﬁrm the excess seen by SOFIA (see
Fig. 3).
We also note that, in addition to the <∼ 10µm excess, there
might be a small Ks band excess in the latest SEDs (see Fig. 6),
so there might be a small stellar contribution to the Ks ﬂux (see
Section 5.2). This suggests that the stellar photosphere might be
ﬁnally beginning to peer through the gloom. However the contri-
bution can only be a minor one, and there can be no doubt that
the great majority of this late <∼ 10µm excess is due primarily to
emission by dust.
Using the same procedure as in Section 6.3, and again as-
suming amorphous carbon, we determine the mass and tem-
perature of the dust responsible for the near-IR excess. We
ﬁnd that the mass and temperature of the dust in 2014 March
was 2.6[±0.4] × 10−8M⊙ and 437[±3] K respectively; in 2016
July these parameters had the values 5.7[±1.0] × 10−8M⊙ and
411[±6] K respectively.
The substantial rise in the Ks-band ﬂux from ∼ 2009−2017
(Fig. 3), coupled with the rise in the NeoWISE Band W1 and
W2 ﬂuxes between 2010 and 2016 (Section 5.4 and Fig. 3), the
apparent increase in dust mass and the cooling of the “new” dust
between 2010 and 2014-16, all point to renewed, and possibly
substantial, mass-loss since ∼ 2008. The constancy of the molec-
ular column densities from 2005 April – 2008 October (see Sec-
tion 8 below) suggests that the onset of this most recent mass-loss
episode must have occurred after 2008 October.
The mass of the fresh dust is some three orders of magnitude
smaller than that of the dust formed in the ﬁrst mass-loss episode
(cf. Table 1). However if the fresh dust-formation episode follows
the same pattern as the earlier event, it does not augur well for
our prospects of seeing the stellar photosphere any time soon.
7 POSSIBLE DUST FEATURES
We consider here the possibility that there might be dust fea-
tures, either in emission or in absorption in the mid-IR spectra
of Sakurai.
In Fig. 7 (left panel) we show Spitzer IRS spectra for three
epochs, together with a 250 K blackbody curve for comparison.
The latter is obviously smooth, whereas the Spitzer spectra are
not. There are weak inﬂections in the data that hint at the pres-
ence of features in either absorption or emission. The putative
features are too broad to be atomic/ionic, and do not have the
proﬁles expected of molecular features. Also in Fig. 7 (right panel)
the same data are displayed as fν/fBB(T ), where T is the tem-
perature of the best ﬁtting blackbody from Table 1, to highlight
these features (unfortunately the SOFIA data are too noisy in
this spectral region to conﬁrm the presence of the features).
While it might be possible to choose a better continuum to
bring out the features, it is clear that the overall spectral shape
is the same for all three epochs in Fig. 7. We consider that they
are weak absorption features, with maximum absorption at ∼
6.3µm and >∼ 7.5µm, and a weaker feature longward of ∼ 7µm.
A plausible identiﬁcation is with hydrogenated amorphous carbon
(HAC), and speciﬁcally nitrogenated HAC (see below).
Garc´ıa-Herna´ndez, Kameswara Rao & Lambert (2013) have
identiﬁed similar (weak) features in Spitzer IRS spectra of RCB
stars. They ﬁnd that these features are somewhat diﬀerent in the
“hydrogen-rich” RCB stars and in the more common “hydrogen
deﬁcient” RCB stars. The former have features at ∼ 6.27µm,
∼ 6.6µm, ∼ 7.02µm and ∼ 7.7µm, rather similar to those we
identify in Sakurai.
Laser vaporisation of graphite in a H2/N2 gas mixture gives
rise to features in the 6.0–6.5µm range and a weaker feature at
∼ 7.0µm, together with broad absorption going from ∼ 7.5µm
to longer wavelengths (Grishko & Duley 2002), just as we see in
c© 2019 RAS, MNRAS 000, 1–17
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Figure 6. Evidence for formation of fresh dust. The SOFIA FORCAST data for both 2014 March 25 and 2016 July 11 show an
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Sakurai. As we discuss in Section 8 below, we see HCN, HNC and
other small hydrocarbon molecules in absorption against the dust
shell. Given that there have been at least two dust ejection events
in the past ∼ 20 years (see Section 6.5), the absorbing material
may arise in material from an even earlier ejection event. The
possible nitrogenation of the HAC also seems consistent with the
presence of N-bearing molecules.
The observational (Garc´ıa-Herna´ndez et al. 2013) and labo-
ratory evidence (Grishko & Duley 2002) seem therefore to point
to the existence of a cooler, hydrogen-rich carbon dust shell out-
side the dust shell that is prominent in the near- and mid-IR.
8 MOLECULAR ABSORPTION
Evans et al. (2006) reported the detection of a number of small
hydrocarbon molecules in the Spitzer spectrum of Sakurai; these
are listed in Table 4 and illustrated in Fig. 8. To the list in Evans
et al. we have added a number of new identiﬁcations, which are
further discussed below.
In Evans et al. (2006) we used a simple model to estimate
the column densities and temperatures of the H12CN, H13CN and
C2H2 molecules, and we reprise this exercise here. We determine
Table 4. Hydrocarbon and other small molecules in Sakurai as
observed by Spitzer. H12CN transitions from Aoki et al. (1999);
HNC transitions from Harris et al. (2002). Tentative identiﬁca-
tions are indicated by a “[?]”.
Molecule λobs (µm) Band λid (µm)
C2H2 13.69 ν5 Q branch –
H12CN 14.03 2ν22 − 1ν
1
2 14.00
H12CN 1ν12 − 0ν
0
2 14.04
H13CN 14.14 Q 14.16
HC4H 15.92 ν8 15.93
HC6H 16.09 ν8 16.07
′′ ν11 16.10
HNC 21.61 21.61
CH3CCH [?] 30.51 30.488
C2N [?] 30.88 30.864
the continuum in the region of each feature by ﬁtting a linear func-
tion Fν(Jy) = a0+a1λ(µm), whence the wavelength-dependence
of the optical depth τ is obtained. The typical uncertainty in τ
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Table 5. Column densities of HCN isotopologues and C2H2. Assumed gas temperature T = 400 K.
Date MJD Column density 12C/13C†
H12CN H13CN C2H2
(1017 cm−2) (1018 cm−2)
2005-04-15 53475.3 1.78+0.22−0.19 0.20
+0.05
−0.04 1.15
+0.30
−0.19 8.9± 0.3
2007-05-04 54224.9 1.86+0.13−0.20 0.31
+0.06
−0.04 — 5.9± 0.5
2007-10-15 54388 1.91+0.23−0.28 0.35
+0.15
−0.10 — 5.5± 0.7
2008-04-08 54564 1.62+0.20−0.21 0.25
+0.04
−0.04 0.91
+0.18
−0.19 6.5± 0.4
2008-10-18 54757.1 1.88+0.30−0.30 0.36
+0.07
−0.13 — 5.2± 0.6
†From the HCN isotopologues.
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Figure 8. Spitzer spectrum showing absorption by small hydro-
carbon molecules in Sakurai on 2005 April 15. Data de-reddened
as described in text.
is ±0.02, as determined by the rms value of the “zero” τ in the
13–15µm range. The optical depth is ﬁtted assuming that the
absorbing gas is homogeneous and isothermal, in thermodynamic
equilibrium, and located in a plane-parallel slab in front of the
dust. Individual transitions are assumed to have intrinsic widths
determined by the velocity widths of the HCN isotopologues mea-
sured by Tafoya et al. (2017) (≃ 300 km s−1).
8.1 HCN
8.1.1 The 12C/13C ratio
Using the strong H12CN feature at 14.03µm in the Spitzer data,
we ﬁnd that the temperature is not particularly well constrained,
with values lying between 350 K and 450 K; this is a little lower
than that determined by Evans et al. (2006, ∼ 400 − 500 K).
We attribute this diﬀerence to two factors: (a) the greater line
width assumed here (≃ 10−3λ) compared to our previous work
– leading to a lower temperature, and (b) the fact that, in the
present work, we use spectra extracted in a uniform way from the
CASSIS archive, whereas in Evans et al. the data were reduced
“manually” using the SPICE (2005) software package.
Tafoya et al. (2017) detected the J = 4→ 3 and 1→ 0 HCN
rotational transitions in Sakurai, and deduced a rotational tem-
perature 13 ± 1 K. They attributed the diﬀerence between their
value and that deduced by Evans et al. (2006) to the fact that the
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Figure 9. Fit of slab model as described in the text to H12CN,
H13CN and C2H2 for the 2005 April 15 Spitzer spectrum. Black
curve, optical depth derived as described in text; red curve, ﬁt
with parameters in Table 5.
gas they detected is observed over the entire circumstellar region,
including cooler, more diﬀuse gas, whereas the Spitzer observa-
tions sampled hotter, denser, gas close to the dust shell. Further,
the deduced gas temperature is greater than the corresponding
temperature of the dust against which the features are seen in ab-
sorption. Clearly the properties of the dust and gas in Sakurai’s
environment are far more complex than we have assumed here.
For our present purposes we take a temperature of 400 K
for the molecular gas, and the ﬁt for 2005 April 15 is shown
in Fig. 9. For each date, we have determined the corresponding
column density for both H12CN and H13CN (see Table 5). The
variation of the absorbing column density with time, for both
isotopologues, is shown in Fig. 10.
For the simple spherically-symmetric case, the column den-
sity N is related to the mass-loss rate M˙ by
N =
M˙
4pivµR1
(
1−
R1
vt
)
where v is the wind speed, µ is the mean molecular mass and
R1 is the radius at the base of the wind. Taking the stellar lu-
minosity L∗ and temperature T∗ from Hajduk et al. (2005) to
estimate the stellar radius R∗, and assuming R1 ≃ R∗, we get
R1 ≃ 2.3 × 109 m. With a wind speed of 300 km s−1 (Tafoya et
al. 2017) for t ∼ 20 yr, the factor in brackets is close to unity, so
that the column density is simply proportional to M˙ . There is no
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Figure 11. Absorption by CH3CCH and C2N in the spectral
range 30–32µm. Upper black: 2005-04-15; red: 2007-05-04; blue:
2007-10-15; green 2008-04-08; lower black: 2008-10-18. Data de-
reddened as described in text.
compelling evidence for any variation of the column density with
time, suggesting that the mass-loss rate as measured by HCN was
∼ constant over the period 2005 April to 2008 October. The mean
column density in H12CN is 1.8× 1017 cm−2, a little larger than
that found by Evans et al. (2006).
The ratio of the H12CN and H13CN column densities gives
an estimate of the 12C/13C ratio. It is evident from Fig. 10 that
– as reported by numerous authors (Pavlenko et al. 2004; Evans
et al. 2006; Worters et al. 2009; Tafoya et al. 2017) – the 12C/13C
ratio is very low. A mean of the values in Table 5 gives 12C/13C =
6.4± 0.7, about 1/14 of the solar value.
8.1.2 Implications
If the high abundance of 13C derived above is a consequence
of proton capture, the amount of 13C produced depends on the
amount of hydrogen initially present in the envelope. Eﬀectively
each p gives rise to a 13C, so the production of a mass of 13C,
M13, requires the processing of ∼M13/13 of hydrogen. Assuming
that the relative numbers of 12C and 13C in the dust are the same
as those in the gas phase, the dust mass of 2.0×10−5M⊙ implies
a mass of 13C in the dust of ∼Mdust/6.9 ≃ 2.9× 10
−6M⊙. This
requires the processing of ∼ 2.2 × 10−7M⊙ of hydrogen, and an
envelope mass of ∼ 3 × 10−7M⊙ assuming solar abundances in
the envelope.
As already noted (Section 2) we can rule out a progenitor
with mass less than 1.25M⊙ for Sakurai. The envelope mass be-
fore the VLTP is given as a function of progenitor mass by Miller
Bertolami (2016); his Figure 7 implies that the envelope on Saku-
rai’s progenitor had mass at most ∼ 1.5×10−4M⊙, which would
likely have resulted in ∼ 2× 10−3M⊙ of 13C. While some of the
13C would have been further processed, the mass of 13C alone
seems consistent with the mass of carbon dust we have deduced.
8.2 C2H2
The isotopologues of acetylene display numerous ro-vibrational
bands around 13µm (see Cernicharo et al. 1999, especially their
Figure 3, for details). We see these in absorption in two Spitzer
IRS spectra, namely those obtained on 2005 April 15 (discussed
in Evans et al. 2006) and 2008 April 8 (see Fig. 8); the Spitzer
IRS spectra obtained on other dates are not of suﬃcient quality
around 13µm to reveal these features.
We have modelled these, for both 12C2H2 and 13C12CH2, us-
ing molecular data from the High Resolution Transmission molec-
ular absorption database (HITRAN; Gamache, Hawkins & Roth-
man 1990; Rothman et al. 1998); the two isotopologues are not
resolved in our data. We again assume a gas temperature of 400 K.
We also assume that the relative abundance of the two isotopo-
logues is determined simply by the 12C/13C ratio (6.4) deter-
mined from the HCN data, although this is likely to be an over-
simpliﬁcation.
The resulting column densities for C2H2 are given in Table 5,
and the ﬁt for 2005 April 15 is included in Fig. 9. There is no
evidence that the C2H2 column density varied between 2005 April
and 2008 October, and the mean column density is 1.0[±0.3] ×
1018 cm−2. This value is similar to that given in Evans et al.
(2006).
8.3 Other features
In addition to HCN (Section 8.1) we report here the secure iden-
tiﬁcation of the fundamental transition of hydrogen isocyanide
(HNC) at 21.61µm (Harris, Polyansky & Tennyson 2002). HNC
is an isomer of HCN but lies high in energy (∼ 3, 700 eV) above
HCN. The high abundance of HNC in interstellar clouds is gen-
erally attributed to the electron recombination with HCNH+
(Graninger et al. 2014). Its presence in Sakurai could be an indi-
cation of ion-molecule chemistry.
In addition to the above molecular features, there are two
weak features at 30.51µm and 30.88µm, which we tentatively
identify with methyl acetylene (aka propyne; CH3−C≡CH) and
the radical C2N respectively. If correct, we believe that this is the
ﬁrst astrophysical observation of methyl acetylene in the IR. It has
been observed in young (<∼ 10
3 yr) PNe at millimetre wavelengths
(see e.g. Schmidt & Ziurys 2019, and references therein), suggest-
ing an origin in the Sakurai environment resulting from a recent
mass-loss episode, such as that evidenced by the excess in Fig. 6.
All subsequent Spitzer spectra display these features, which give
us conﬁdence in their reality; other apparent features either are
present in only one spectrum, are present in only one spectral
element, or are the result of mismatch in the ﬂux scale between
Spitzer grisms. However the features in Table 4 and Fig. 8 do not
appear in the SOFIA spectra, either because they have weakened
to the extent that they are no longer detectable, or because they
fall in spectral gaps between wavelength ranges covered by the
SOFIA FORCAST grisms.
Methyl acetylene – in which one of the H atoms in acety-
lene is replaced by CH3 – is commonly seen in dense interstellar
molecular clouds, for which it is sometimes used as a thermometer
(e.g Askne et al. 1984; Kuiper et al. 1984). Hickson, Wakelam &
Loison (2016) have argued that the formation of methyl acetylene
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is problematic in the gas phase (at least in molecular cloud and
interstellar medium environments), and that it may most easily
form via surface hydrogenation of C3 on grain surfaces. Such a
process must have occurred in the hydrogen-rich material ejected
by Sakurai before its VLTP phase.
The formation of C2N has been discussed – in the context
of both interstellar and circumstellar environmemts – by Mebel
& Kaiser (2002), who suggest it might be formed via the route
C + HCN −→ C2N+H .
Mebel & Kaiser note that this reaction is unlikely to proceed in
the low temperatures in interstellar space but is likely to occur
in warmer circumstellar environments. In view of the presence of
HCN in Sakurai’s environment, the presence of C2N is not unex-
pected (although it was not detected in the archetypical carbon
star IRC+10216 by Fuchs et al. 2004).
9 CONCLUSIONS
We have presented a 20-year overview of the IR development of
V4334 Sgr (Sakurai’s Object), highlighting the properties of the
dust, and the evolution of the molecular absorption. Our principal
ﬁndings and conclusions are as follows:
(i) the observable dust around Sakurai has cooled from ∼
1, 200 K in 1998 to ∼ 180 K in 2016, and some 2 × 10−5M⊙ of
amorphous carbon dust has formed between the commencement
of the ﬁrst dust phase in 1997 and the last SOFIA observation in
2016;
(ii) there is evidence, in the form of dust that is hotter than
that ejected between 1998 and 2008, for a more recent dust ejec-
tion event, which commenced after 2008 October;
(iii) we have identiﬁed a number of small hydrocarbon and
other molecules in absorption against the dust shell;
(iv) we ﬁnd no signiﬁcant variation in the column densities of
HCN and C2H2 between 2005 April and 2008 October;
(v) we ﬁnd possible evidence for absorption by nitrogenated
HAC;
(vi) the 12C/13C ratio, based on the column densities of the
HCN isotopologues, is found to be 6.4 ± 0.7, which is 14 times
smaller than the solar value, and consistent with Sakurai being a
VLTP object.
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APPENDIX A: THE OBSERVED FLUX
For a blackbody emitter having temperature T , and ﬂux density
fλ =
F
λ5
1
exp (B/λ)− 1
,
where F and B = hc/kT are constants, it is trivially shown that
the wavelength λm at which [λfλ] is a maximum is λm = B/α;
here α (≃ 3.9207. . . ) is the solution of the transcendental equa-
tion
4 (1− e−α) = α.
Thus
[λfλ]max = F
(
α
B
)4 1
eα − 1
,
as used in Section 6.
Furthermore, the total observed ﬂux f for a blackbody source
of radius R and distance D, in the absence of an intervening
medium, is
f =
∫ ∞
0
fλdλ =
piR2
D2
σT 4
pi
. (A1)
For a blackbody, f is related to [λfλ]max by:
f =
pi4
15
[λfλ]max
(
eα − 1
α4
)
≃ 1.359 . . . [λfλ]max , (A2)
where σ is the Stefan-Boltzmann constant, as used in Section 6.
Finally, the “blackbody angular diameter” θBB is given by
θBB =
2R
D
=
2.331
σ1/2T 2
[λfλ]
1/2
max
so that
θBB = 2.02× 10
9 [λfλ]
1/2
max T
−2 ,
where θBB is in arcsec and [λfλ]max is in W m
−2.
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